The sodium phosphate co-transporters Npt2a and Npt2c play important roles in the regulation of phosphate homeostasis. Slc34a1, the gene encoding Npt2a, resides downstream of the gene encoding coagulation factor XII (f12) and was inadvertently modified while generating f12 Ϫ/Ϫ mice. In this report, the renal consequences of this modification are described. The combined single allelic mutant Slc34a1m contains two point mutations in exon 13: A499V is located in intracellular loop 5, and V528M is located in transmembrane domain 11. In addition to the expected coagulopathy of the f12 Ϫ/Ϫ phenotype, mice homozygous for the double allelic modification (f12 Ϫ/Ϫ /slc34a1 m/m ) displayed hypophosphatemia, hypercalcemia, elevated levels of alkaline phosphatase, urolithiasis, and hydronephrosis. Strategic crossbreedings demonstrated that the kidney-related pathology was associated only with autosomal recessive transmission of the slc34a1 m gene and was not influenced by the simultaneous inactivation of f12. Npt2a[V528M] could be properly expressed in opossum kidney cells, but Npt2a[A499V] could not. These results suggest that a single amino acid substitution in Npt2a can lead to improper translocation of the protein to the cell membrane, disturbance of phosphate homeostasis, and renal calcification. Whether point mutations in the SLC34A1 gene can lead to hypophosphatemia and nephrolithiasis in humans remains unknown.
Three classes of sodium phosphate (Na/P i ) transporters have been identified. The most important of these for regulation of inorganic P i in mouse kidney are members of the type 2 family, viz, Npt2a (gene slc34a1) and Npt2c (gene slc34a3). These transport proteins are specifically expressed in the brush border membranes of renal proximal tubules, where the bulk of filtered P i is reabsorbed, and mediate Na gradient-dependent transport of P i from primary urine to proximal tubular cells. 1 Regulation of Npt2a protein abundance in the apical membrane by factors such as dietary phosphate, parathyroid hormone, [2] [3] [4] and phosphatonins 5 occurs via the action of scaffolding proteins and protein kinases. 6, 7 Inactivation of murine slc34a1 in mice led to a decrease in renal P i reabsorption arising from a defect in Na/P i co-transport. 8 The accompanying hypophosphatemia in slc34a1 Ϫ/Ϫ mice was not fully compensated by the consequent 2.8-fold increase in Npt2c protein abundance in kidney proximal tubules. 9 These biochemical abnormalities, as well as hypercalcemia and hypercalciuria in slc34a1 Ϫ/Ϫ mice, were associated with low body weight, mild skeletal abnormalities, 8 and urolithiasis. 10 The phenotype of slc34a1 Ϫ/Ϫ mice resembles that of patients with hereditary hypophosphatemic rickets with hypercalciuria (HHRH), an inherited disorder of P i homeostasis, 11 with the exception that the mice have a milder skeletal phenotype. 12, 13 On this basis, it was hypothesized that mutations in the human orthologue SLC34A1 were responsible for HHRH. However, genome-based studies on kindreds with HHRH indicated that mutations of NPT2a were not responsible for this disease, 14 and subsequent studies identified mutations in SLC34A3 as possibly causative in these and other HHRH patient populations. 15, 16 Whether point mutations in the SLC34A1 gene can lead to hypophosphatemia and nephrolithiasis in humans is an unresolved issue. An approach to addressing this question can be made through the generation of mice harboring known mutations in slc34a1. However, to date, no point mutations in Npt2a have been mechanistically linked to renal pathologies in controlled mouse studies.
The gene arrangement in the vicinity of slc34a1 is, consecutively, 5Ј-[coagulation factor 12 (f12)/profilin-3 (pfn3)/ slc34a1]-3Ј, with this latter gene arranged in reverse orientation. To generate mice with a total inactivation of the coagulation f12 gene, we first designed a targeting vector (TV) with homologous recombination 5Ј and 3Ј sites external to the f12 gene at its untranslated regions (UTR). Although we confirmed that the resulting mice lacked f12 mRNA or FXII protein, we also found unexpected kidney-related phenotypes in these mice (unpublished observations). Since then, other lines of f12 Ϫ/Ϫ mice have been generated by us and by others 17,18 through exon-deletion targeting strategies, with homologous recombination sites in the TV designed entirely within the f12 gene sequence. In these mice (f12 Ϫ/Ϫ -L2), f12 message and FXII protein were entirely eliminated, but kidney-related pathologies were not found. Furthermore, renal disease has not been linked to FXII deficiencies in humans.
The unexpected phenotypes in the f12 Ϫ/Ϫ -L1 mice with total exon deletions were reminiscent of those in slc34a1 Ϫ/Ϫ mice, 8, 10 rather than the phenotypes of the f12 Ϫ/Ϫ -L2 mice. 17, 18 Thus, in this study we examined the integrity of the slc34a1 gene in f12 Ϫ/Ϫ -L1 mice as a candidate mechanism for the renal pathologies that were observed. These in-depth studies allowed novel mechanistic revelations to be made in regard to significant kidney disease in a mouse line containing minimal point mutations in slc34a1.
RESULTS

Targeted Inactivation of the f12 Gene to Generate f12-L1 Mice
On the basis of the mouse genomic arrangement of Figure  1A , a targeting vector TV ( Figure 1B ) was constructed and electroporated in mouse embryonic stem cells (ESC). After screening the ESC with positive (G418)/negative (5Ј-fluorocytosine) selection, approximately 400 properly targeted cells were identified. DNA samples from these cells were digested with EcoRI, after which the DNA fragments were subjected to Southern blotting using the external probes EP1 and EP2 ( Figure 1C ). From these analyses, two independent and correctly targeted homologous recombinants were identified (Figure 2A ).
Generation of f12
؊/؊ -L1 Mice
Blastocyst injections of the ESC yielded five male chimeric mice, which were mated with C57Bl/6J female mice. Germline transmission was observed with at least three pairs, and f12 ϩ/Ϫ mice (F1, 129SvJ/C57Bl6J; 50/50) were generated. Male F1 Figure 1 . Generation of f12
The top line represents the f12 gene with its 14 exons (light gray boxes), the pfn3 gene with its one exon (black box), and exons 11 through 13 of the slc34a1 gene (dark gray boxes). Some key restriction enzyme sites are indicated (RI, EcoRI; RV, EcoRV; H, HindIII; S, SalI). (B) Construction of the TV for f12 Ϫ/Ϫ -L1 mice. An RI-H digestion region of the 5Ј-UTR (A) and an RI-S digestion fragment of the 3Ј-UTR (A) of the f12 gene were used to flank the NEO cDNA, which was used for positive selection after homologous recombination in mouse embryonic stem cells. A cytidine deaminase (CDA) cassette was inserted downstream of the RI-S fragment and used for negative selection of recombinants. This process resulted in replacement of the entire f12 coding sequence with NEO. *One RI site was newly generated for purposes of screening. EP1 and EP2 in A represent external probes used for the 5Ј and 3Ј flanks of the TV, respectively. (C) Expected mutated allele.
f12
ϩ/Ϫ -L1 mice were intermated with female f12 ϩ/Ϫ -L1 mice, thus providing f12 Ϫ/Ϫ -L1 mice ( Figure 2B ).
Characterization of f12
Ϫ/Ϫ -L1 mice showed the complete absence of f12 mRNA in liver (data not shown) and of FXII antigen in plasma ( Figure 2C ). Coagulation assays of f12 Ϫ/Ϫ -L1 plasma also demonstrated greatly elevated activated partial thromboplastin times (aPTT; data not shown), similar to the activated partial thromboplastin times found in our f12 Ϫ/Ϫ -L2 mice. 18 Low Body Weight, Urolithiasis, and Hydronephrosis in the f12
The body sizes of the f12
-L1 mice were consistently smaller than those of wild-type (WT) and of f12 ϩ/Ϫ -L1 mice at 6 wk of age ( Figure 2D ). Massive calcifications were observed in f12 -L2 mice 18 presented with these kidney abnormalities, even to Ͼ1 yr of age, suggesting the absence of functional mutations in the slc34a1 gene in this latter mouse line. In agreement with these observations, plasma P i levels were 9.3 Ϯ 0.31 (n ϭ 9), 6.4 Ϯ 0.1 (n ϭ 13), and 9.6 Ϯ 0.48 (n ϭ 6) in WT, f12 Ϫ/Ϫ -L1, and f12
-L2 mice, respectively, showing that hypophosphatemia is found only in the f12 Ϫ/Ϫ -L1 mice, consistent with the kidney abnormalities in this same line of mice.
These results were supported by transabdominal ultrasound analysis, which revealed high echogenic regions in f12 Ϫ/Ϫ -L1 kidneys at 6 wk of age. These data are entirely consistent with renal calcification ( Figure 2N ). Similar regions were abundantly found in the entire kidneys and were associated with low echogenic cystic regions in 16-wk-old f12 Ϫ/Ϫ -L1 mice ( Figure 2O ). Hydronephrotic echo patterns were obtained from 24-wk-old mice ( Figure 2P ), demonstrating significant kidney destruction. In contrast, no abnormalities in were found WT mice, even at 36 wk of age ( Figure 2M ).
Sequence Analysis of pfn3 and slc34a1 in f12
Because the genes pfn3 and slc34a1 are present in the 3Ј-UTR homologous recombination region of the TV used to construct f12 Ϫ/Ϫ -L1 mice, we believed that the hypophosphatemia and kidney abnormalities seen in the f12 Ϫ/Ϫ -L1 mice were the result of mutations in slc34a1. Thus, the sequences of both pfn3 and slc34a1 were determined from f12 Ϫ/Ϫ -L1 mouse genomic DNA. The portion of the slc34a1 3Ј sequence that was used for homologous recombination in f12 Ϫ/Ϫ -L1 mice is shown in Figure 3 . Two point mutations, viz., A499V and V528M, were discovered in exon 13 of the slc34a1 gene in the f12 Ϫ/Ϫ -L1 mouse genome (Figure 3 ), which were not detected in WT and Figure 1A ) distinguished the WT-f12 (11.5 kb) and null (6.7 kb) alleles with RI-digested DNA, and the 3Ј external probe (EP2 in Figure 1A -L2 mice or in the human or rat counterpart slc34a1 genes ( Figure 3) ; therefore, we redefined f12 Ϫ/Ϫ -L1 mice as f12
m/m to avoid any confusion with f12 Ϫ/Ϫ -L2 mice, the genotype of which has been experimentally determined through genomic sequence analysis to be f12 Ϫ/Ϫ / slc34a1 ϩ/ϩ . Last, the pfn3 gene ( Figure 3 ) was fully sequenced and found not to be altered in the f12 Ϫ/Ϫ -L1 genome. 
ϩ/m mice. Thus, the genetic traits were transmitted in an autosomal recessive manner for each of the f12 and slc34a1 genes, and the cross-breeding strategies provided us with the mice necessary to separate the phenotypes of the linked defects in the f12 and slc34a1 genes in the f12 Ϫ/Ϫ /slc34a1 m/m mice.
Serum P i , Ca 2؉ , and ALP Levels in Mice Serum P i levels in f12 Ϫ/Ϫ /slc34a1 m/m mice were significantly lower than those in WT and f12 Ϫ/Ϫ /slc34a1 ϩ/ϩ mice ( Figure  4C ). In contrast, serum Ca 2ϩ ( Figure 4C ) and ALP ( Figure 4D ) levels in f12 Ϫ/Ϫ /slc34a1 m/m mice were significantly higher than those in WT and f12 Ϫ/Ϫ /slc34a1 ϩ/ϩ mice. To rule out the possibility that lack of FXII affected Npt2a functions, f12
m/m , and f12 ϩ/ϩ /slc34a1 Ϫ/Ϫ mice were intercrossed to generate several double heterozygote combinations depicted in Figure 4 , A and B. In this series, only Genotypes of mice that were produced from the cross-breedings. (C through E) Serum P i levels (C), serum Ca 2ϩ levels (D), and serum ALP levels (E) of the various genotypic combinations of mice obtained from the cross-breedings. *The levels in f12 ϩ/ϩ /slc34a1 Ϫ/Ϫ sera were significantly different from those of WT, f12 m/m and f12 ϩ/ϩ /slc34a1 Ϫ/Ϫ mice. These results clearly indicate that the FXII deletion did not affect Npt2a function and that one intact copy of slc34a1 with one mutated slc34a1 copy was sufficient to maintain normal serum concentrations of P i , Ca 2ϩ , and ALP. In addition, these data ruled out dominant negative effects of the slc34a1 m gene on WT slc34a1.
Transcript Levels of slc34a1 in Kidneys
Kidney levels of slc34a1 transcript were similar in WT mice (1.9 Ϯ 0.4 ϫ 10 8 copies/100 ng total RNA [n ϭ 6]), and f12
m/m mice (1.9 Ϯ 0.5 ϫ 10 8 copies/100 ng total RNA [n ϭ 6]). Testicular transcript levels of pfn3 in WT and in f12
m/m mice were 6.1 Ϯ 1.2 ϫ 10 6 copies/100 ng total RNA (n ϭ 6) and 11.0 Ϯ 2.3 ϫ 10 6 100 ng total RNA (n ϭ 6), respectively. These data show that transcription of the two immediate downstream genes is not affected by the mutation in the f12 gene.
Immunohistochemistry of Npt2a in Kidney
Anti-Npt2a immunostainings of kidney sections from the mice of Figure 4B were positive in the epithelia of proximal tubules from WT mice ( Figure 5A ). As expected, Npt2a immunostaining was negative in f12 ϩ/ϩ /slc34a1 Ϫ/Ϫ mice ( Figure  5B ). Whereas f12
ϩ/ϩ mice also expressed Npt2a ( Figure 5C ), immunostaining for Npt2a was not evident in f12
m/m mice ( Figure 5D ), despite that its transcript levels were similar to those in WT mice. Furthermore, f12 Ϫ/Ϫ / slc34a1 ϩ/m mice expressed Npt2a ( Figure 5E ). For further probing of the reason for interference in Npt2a expression in 
DISCUSSION
The kidney is primarily responsible for phosphate homeostasis and, in general, is a determinant for blood phosphate levels 
m/Ϫ , (G) and f12 ϩ/Ϫ /slc34a1 ϩ/m (H) kidneys. Magnification, ϫ400.
BASIC RESEARCH www.jasn.org through its regulation of phosphate reabsorption. The movement of P i in and out of kidney cells depends on two Na ϩ /P i 2Ϫ transport protein ion channels, Npt2a and Npt2c, both of which are expressed in brush border membranes of proximal tubular cells, where the filtered P i is reabsorbed. The trafficking of Npt2a and Npt2c to the brush border membrane of kidney tubular cells, a feature that governs their abilities to uptake P i into cells, is regulated by several processes, such as the integrity of the binding of Npt2a with PDZ-adapter proteins (e.g., NHERF-1) which is influenced by parathyroid hormone. 7 Apical membrane abundance of Npt2a is also affected by dietary P i and by the gene products of phex and the fgf23, the latter of which is a vitamin D 3 -dependent hormone produced in bone. Hypophosphatemia and hyperphosphaturia result from decreased renal P i reabsorption in slc34a1 Ϫ/Ϫ mice, thus providing a critical link between properly targeted Npt2a abundance in brush border membranes and P i homeostasis. Although its is known that a total Npt2a deficiency leads to hypophosphatemia and hyperphosphaturia, there are no known mechanistic links between mutations in Npt2a and animal pathophysiology. The one study that demonstrated a relationship between two putative dominant negative point mutations in Npt2a in humans was responsible for their presentation of hypophosphatemia 19 was not reproduced by another group. 20 In addition, in this study, we were not able to confirm dominant negative effects of the Npt2a point mutants on WT Npt2a, and we found that genetic transmission of our mutated slc34a1 gene is autosomal recessive.
Xenopus oocytes have been used extensively for the expression of slc34a1. 21 OK cells have also been used for study of the trafficking of Npt2a. 22 Although both systems are seemingly appropriate for the purposes intended, a concern emerges regarding the relationships of Npt2a expressions between these cells and the physiologic epithelial cells in proximal tubules in kidney. Although Xenopus oocytes and OK cells can express both WT and mutated forms of Npt2a, no assurances can be made that epithelial cells in a physiologic environment are able to target mutated forms of Npt2a to apical renal tubule membranes properly, a property necessary for its activity.
A novel contribution of our work concerns the biology of the slc34a1 gene, with mechanistic correlations both in vivo and in vitro, despite that the positions of the chance mutations in the slc34a1 gene were not identical to the mutations reported in patients with HHRF. In our case, two point mutations in Npt2a, viz., A499V in intracellular loop-5 and V528M in transmembrane domain-11 of Npt2a, were identified in our f12 Ϫ/Ϫ /slc34a1 m/m mice. These mutations obviously affected the levels of P i , Ca 2ϩ , and ALP in vivo, which . ¶The levels in f12 Ϫ/Ϫ /slc34a1 m/m were significantly different from those in WT, f12 23 Our results suggested that Npt2a protein folding is important for its correct localized expression and is likely mediated by specific chaperones and by interactions with scaffolding proteins, which are present in the brush border membrane of renal proximal tubules; therefore, Npt2a[A499V] protein likely is not recognized by these chaperones and/or scaffolds, and this could result in its premature degradation in the cells.
Additional examples of point mutations in transporter proteins that lead to severe pathologies are known (e.g., cystic fibrosis [CF], a disease caused by mutations in the gene that encodes the CF transmembrane conductance regulator [CFTR] ). Many reports of point mutations in this protein that result in its malfunction are known, and the most common of these CF-causing mutations (␦F508) reaches the plasma membrane in reduced amounts as a result of protein misfolding. 24 Other single amino acid substitutions in the CFTR gene also result in protein misfolding and lead to reduced expression on the cell surface. 25, 26 Thus, it seems that point mutations in the Npt2a co-transporter may have a similar impact on protein processing. In conclusion, this work has shown that abnormal kidney pathologies can mechanistically result from simple point mutations in Npt2a.
CONCISE METHODS
Screening of -Phage Libraries
Oligonucleotide primer set X1UP (5Ј-GGTCTCTGCTG-ATGAGTCTG, cDNA position 43 to 62) and X2RP (5Ј-GTGCGTCCTTAAATTTCTTG, cDNA position 98 to 117), or X13UP (5Ј-GGCTGAAGAATACTCCACCT, cDNA position 1499 to 1518) and X14RP (5Ј-CACTAGCTTCACT-GTGACCC, cDNA position 1880 to 1899), based on the murine f12 cDNA sequence in the NCBI server (NM 021489), was used to obtain the fragment of the f12 gene that contained partial exon 1/intron A/partial exon 2 (F1) or partial exon 13/intron M/partial exon 14 (F2), respectively, from tail genomic DNA of 129/SvJ mice (Jackson Laboratories, Bar Harbor, ME) using PCR. PCR products resulting from amplifications with these 418-bp F1 or 486-bp F2 PCR probes were used to isolate genomic clones containing the f12 gene from a 129/SvJ -FIXII genomic library (Stratagene, La Jolla, CA), and several appropriate DNA clones were obtained. The resulting genomic clones spanned approximately 9 kb of the 5Ј-UTR, followed by the entire f12 gene (14 exons and 13 introns) and approximately 1 kb of Cross-sections along the planes from G through I represented by white lines, respectively. Clipping planes were placed at the regions of interest, which are indicated as white lines in G through I, and used to expose the GFP-positive (g) or NPT2 Alexa Fluor 488 -positive (h and i) labeling and its cellular localization. The images were rendered to 120Њ perspective projection and captured at a zoom factor of 0.857 pixel/voxel. XY and XZ orthogonal images were captured. Magnifications: ϫ20 in A through F; ϫ60 in G through I.
the 3Ј-UTR. Despite many rescreening attempts to obtain a longer 3Ј-UTR for more effective genomic recombination, no additional useful clones were obtained. Previous results 27 suggested that use of -libraries containing genomic sequences led to rearrangements of sequences between the 3Ј-UTR of the f12 and slc34a1 genes, and correct sequences were not obtained using this approach. The strategy for screening was then changed to vectorette and suppression long and accurate PCR (VS-LA-PCR), and 6 kb of the 3Ј-UTR was obtained. This allowed a TV to be constructed with ample flanking sequences of the 5Ј-and 3Ј-UTR regions of mouse f12.
Extended 3-UTR Sequences of the f12 Gene
Genome walking with VS-LA-PCR was performed as described previously. 28 Genomic DNA (50 mg) from 129/SvJ mice, prepared as in the previous section, was digested by the restriction endonucleases DraI, EcoICR1, EcoRV, PvuII, ScaI, SspI, and StuI (Promega, Madison, WI), individually. After the digestion, each fragment was ligated to an adaptor consisting of two oligonucleotides, 5Ј-pACCAGCCC-NH 2 and 5Ј-GTAATACGACTCACTATAGGGCACGCGTGGTCG-ACGGCCCGGGCTGGT. VS-LA-PCR was performed several times with a gene-specific primer and the adaptor-specific primer to obtain sufficient sequence lengths.
The TV was constructed similar to those that we have previously described 29 from a basic plasmid containing the neomycin-resistant gene (NEO) for positive selection along with 5Ј-and 3Ј-flanking sequences from the murine f12 gene. For the latter, a 5.2-kb EcoRV/ HindIII fragment and a 4.8-kb EcoRI/SalI fragment of the f12 gene were used as the 5Ј and 3Ј flanks of f12, respectively, of the NEO gene in the TV. The cytosine deaminase (CDA) cassette was inserted downstream of the 3Ј-flanking region of the TV for f12 for negative selection against random chromosomal integrants.
Homologous Recombination in ESC
The TV was used to replace, by homologous recombination, a 9.0-kb fragment of the f12 gene with the NEO gene. This process eliminated the entire f12 coding sequence from the mouse genome. The generation of targeted ESC and subsequent blastocyst injections were performed.
Southern blot analyses with external probes on ESC DNA, after digestion with EcoRI, were carried out to assess the integrity of the homologous recombination at both the 5Ј and 3Ј terminal regions. The 5Ј external probe (EP1; 421 bp, spanning bp 5846 to 5446 upstream of the ATG initiation codon of the f12 gene) was obtained by PCR using primers 5Ј-CTCTCAGGAGAAAAAGTATACC and 5Ј-CAGACCACATTCTCTTCATCC. The 3Ј external probe (EP2; 471 bp, spanning bp 5453 to 5923 from the TAA stop codon of the f12 gene) was also obtained by PCR using the primers 5Ј-GTCTACAT-AGTTCTAACCAG and 5Ј-GGGTCCATGTGTTACCTTGTC.
Genotyping
Genomic DNA was obtained by ear-punch biopsy. PCR was performed with oligonucleotide primer sets: A common forward primer (5Ј-TCTTCAGTCCGCTACTCCCAC, spanning bp 200 to 180 upstream of the ATG initiation codon of the f12 gene), and a reverse primer in exon 1 of the f12 gene (5Ј-AGATCCAGACTCATCAGCAG, spanning bp 48 to 67 of the f12 cDNA) to detect the WT allele (247 bp), or the aforementioned common forward primer along with a reverse primer residing within NEO (5Ј-ACAAGCAAAACCAAAT-TAAGGGCCA) to detect the null allele (466 bp).
Histochemistry and Immunohistochemistry
Kidneys were obtained from mice at 6 wk of age, fixed with periodatelysine-paraformaldehyde, embedded in paraffin, and sectioned at a thickness of 4 m. The slides were stained with hematoxylin II and eosin Y (Richard Allen Scientific, Kalamazoo, MI) for morphologic analysis and von Kossa stain to detect calcification.
For immunostaining, tissue sections were deparaffinized and placed in avidin and biotin blocking solutions (Zymed Laboratories, South San Francisco, CA), followed by Peroxo-block (Zymed) to inhibit endogenous peroxidase activity. Anti-Npt2a immunostains were conducted using the ImmPress Kit (Vector Laboratories, Burlingame, CA). The sections were incubated with rabbit anti-human primary antibodies (Alpha Diagnostics, San Antonio, TX), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG. The slides were developed with 3-amino-9-ethylcarbazole and counterstained.
Transabdominal Ultrasound Analysis
Mice were sedated by inhalation of 1.5% isoflurane sufficient to maintain their heart rates at approximately 500 bpm. The abdomens of the mice were cleaned with a chemical hair remover (Nair) to minimize ultrasound attenuation. Transabdominal ultrasound analysis was accomplished with a Vevo 770 system (VisualSonics, Toronto, ON, Canada).
Sequence Analysis of slc34a1 cDNA
Total RNA was obtained from kidneys using Trizol (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using Superscript- Measurements of Serum and Urine Levels of P i , Ca 2؉ , Creatinine, and ALP Serum and urine levels of P i , Ca 2ϩ , creatinine, and ALP were measured using the VetTest chemistry analyzer (IDEXX Laboratories, Westbrook, ME). The fractional excretion indexes P i or Ca 2ϩ were calculated as follows: Urine P i or Ca 2ϩ /(urine creatinine ϫ serum P i or Ca 2ϩ ).
Npt2a Constructs
An expression vector backbone, pCS2, that contains the cytomegalovirus immediate early promoter to drive downstream inserted genes, was obtained from Dr. Paul Huber (University of Notre Dame, Notre Dame, Indiana) and first digested with BamHI and XbaI. A fragment of recombinant GFP (Stratagene, La Jolla, CA) was amplified with the forward primer hrGFP.F (sequences provided next), which contained a BglII site (italic) and Kozak sequence (underlined), followed by the initiation codon (bold), along with the reverse primer phrGFP.R, which contained XbaI site (italic) just downstream of the termination codon (bold) of phrGFP.R. All amplifications were performed using PrimeStar DNA polymerase (TakaraBio, Madison, WI). The PCR amplicon was digested by BglII and XbaI. The BglII-and XbaI-digested fragment was ligated to pCS2 that was digested with BamHI and XbaI. The resulting plasmid was designated pCS2-hrGFP. A fragment of murine slc34a1 was amplified with the forward primer Slc34a1.F, which contained a BglII site (italics) and the Kozak sequence (underlined), followed by the initiation codon (bold), and the reverse primer Sc34a1.R, which contained a XbaI site (italics), just downstream of the termination codon (bold) using an NIH Mammalian Gene Collection (MGC) clone (clone 4223484; Invitrogen) as the template. The PCR amplicon was digested by BglII and XbaI, and the fragment obtained was ligated to pCS2 and digested by BamHI and XbaI. The plasmid was designated pCS2-slc34a1. hrGFP.F: 5Ј-GAAGATCTGCCGCCACCATGGTGAGCAAGCA-GATCCT hrGFP.R: 5Ј-GTTCTAGATTACACCCACTCGTGCAGGC Slc34a1.F: 5Ј-GAAGATCTGCCGCCACCATGATGTCCTACAG-CGAGAGATTG Slc34a1.R: 5Ј-GTTCTAGACTAGAGACGGGTGGCATTGTG
Site-Directed Mutagenesis
The single Npt2a mutations, viz., A499V and V528M, and the double mutation, Npt2a[A499V/V528M], were introduced into pCS2- . Transfections were performed using 1 g of plasmid DNA and 3 l of FuGENE6 (Roche Applied Science, Indianapolis, IN) per well. After the transfections, the cells were fixed with periodate-lysine-paraformaldehyde and stained with rabbit anti-human Npt2a, followed by an Alexa Fluora 488 -labeled goat-anti-rabbit IgG (Invitrogen). These cells were further stained with DAPI (Invitrogen). Laser Scanning Confocal Microscopy was conducted with a Nikon Eclipse C1si confocal system on a Nikon TE2000-E microscope with Spectral Imaging. An EZ-C1 imaging software (Nikon, Melville, NY) was used for image acquisition. For gaining three-dimensional visualization control of the regions of interest, images were processed with Imaris (Bitplane AG, Zürich, Switzerland). The DAPI-labeled nuclei were pseudocolored (red) for enhanced contrast against the GFP-transfected cells or the Alexa Fluor 488 NPT2 positively labeled cells (green). The Surpass mode was used to create a volume reconstruction of the data set (Z-stack). The 20ϫ data sets' volume properties were rendered to a maximum intensity projection (MIP) mode of all layers along the viewing direction (black background). A Shadow Projection mode was used for the 60ϫ data sets with a transparency adjustment of the blend opacity to 33.6% for the green channel. The nuclei's (red) blend opacity was maintained at 100%.
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